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Abstract 
Late blight is a devastating disease in potato production world-wide. Breeding for 
resistance is complex because of the versatile and aggressive population of 
Phytophthora infestans, which overcomes any new genetic source of resistance very 
rapidly. There are reliable fungicides available to control the disease but chemical 
control is costly and harmful to the environment. There are no cultural practices 
reducing the infestation, which are reliable enough to cope with the disease in a non-
chemical way. Given the close link between the physiological condition of the crop 
and its resistance to late blight, this paper addresses the question whether crop 
physiology can help to combat the disease. Although there are possibilities to (partly) 
escape to the late blight by advancing the crop cycle or the tuber bulking, it is 
concluded that crop physiology can do little to reliably reduce the susceptibility to late 
blight. Breeding for resistance remains the best option.   
 
Keywords: canopy structure, leaf position, late blight, maturity type, 
Phytophthora infestans, potato, resistance, seed quality, Solanum tuberosum, 
tuberization.  
 
 
Introduction 
Potato late blight is caused by the oomycete Phytophthora infestans Mont. (de Bary). 
It did not come to Europe together with the potato (Solanum tuberosum L.) crop itself, 
but first occurred in Europe in the 1840s (Haverkort et al. 2009).  It then led to the 
devastating Great Irish Potato Famine and has not gone away ever since. It still is a 
major threat to potato production despite the enormous efforts of breeders to create 
new varieties with improved resistance (either by including new R genes, by 
pyramiding existing ones or by creating race-nonspecific resistance) (Goverse and 
Struik 2009; Haverkort et al. 2009), efforts of plant pathologists to identify the weak 
spots of the pathogen (Goverse and Struik 2009), efforts of fungicide producers in 
designing new and more environmentally friendly crop protectants, efforts by 
agronomists trying to grow more robust crops (Lammerts van Bueren et al. 2008), 
and by other scientists who might be able to contribute combating strategies through 
innovations (Struik 2006). Innovative approaches are, for example, creating diverse 
stands as a useful strategy in organic potato production (Finckh et al. 2007), where 
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mixtures of tubers might be valued by fresh potato consumers. This paper is about 
the question: can crop physiologists help? 
 
The late blight problem has worsened 
Late blight is particularly a problem in countries in northern Europe where the climate 
is relatively wet and cool. End users (especially processors) dictate the quality 
characteristics, but often also the agronomic traits that are desired. Such traits (e.g., 
an early maturity type) are difficult to combine with resistance to late blight and the 
pressure to combine such contrasting traits by breeding is not large given the 
availability of effective, relatively cheap, chemical means to control late blight in 
conventional agriculture (i.e. fungicides). Despite major efforts to replace, for 
example, the susceptible cultivar Bintje, in many European and American potato 
growing areas late blight susceptible cultivars are still dominant. This continuous use 
of susceptible cultivars has been associated with an increase in the fitness of the late 
blight population and by a strong increase in the adaptive power of that population by 
the introduction of new strains of both the A1 and A2 mating types.   
 
The late blight problem is threatening organic potato production 
In organic potato production, despite much research, there are no means available to 
control late blight, except for spraying copper, which is allowed under organic 
standards in certain countries but not in other ones. The only other control 
mechanism is killing the vine as soon as the leaf canopy becomes affected, a 
measure which might only be necessary on the longer term to avoid infestation of 
tubers, but which is promptly required anyway to avoid spread of inoculum to 
neighbouring (either organic or conventional) fields. Consequently, average potato 
yields in organic farming are low and variable, as they strongly depend on the timing 
and severity of late blight attacks (i.e. on date of haulm killing) (Lammerts van Bueren 
et al. 2008). Given this situation, the only feasible option in organic production is to 
delay the infection or to slow down the initial build-up of the epidemic. Once there is a 
certain level of leaf damage (7% in the Netherlands; Lammerts van Bueren et al. 
2008), the crop needs to be killed mechanically or by burning the haulm, and 
measures to further delay the epidemic beyond the infection level of 7% are useless. 
By far the best option to realize a delay and slow down of the epidemics is growing 
resistant cultivars.  
 
Breeding seems the only option but takes time 
For the organic potato sector breeding for resistant cultivars is the only route for 
combating late blight. In an extended trial with 281 cultivars under low-input 
conditions only 36 cultivars yielded 30 Mg/ha regardless of late blight infection. Under 
Dutch conditions this yield level is considered a minimum for economically sound, 
organic potato production. However, most of these 36 cultivars did not meet the 
standards for dry matter content, cooking quality or/and frying quality (Lammerts van 
Bueren et al. 2008).  
The level of resistance against late blight present in the cultivars which are 
currently commonly grown in Dutch organic agriculture is not sufficient to consistently 
produce that minimum yield level. There is a need to combine late blight resistance 
with earliness, a complex assignment as there seems to be genetic and physiological 
linkages between foliage maturity type and late blight resistance in the sense that 
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early foliage maturity is usually associated with susceptibility (Visker et al. 2003a, 
2004, 2005). Earliness is required to guarantee at least some yield when the late 
blight epidemic is early. 
 
Agronomy does not help much in organic potato production   
Taking the lack of resistant varieties into account, research on a tool box for delaying 
the infection and slowing down the epidemic in organic potato production has been 
extensive. Strategies investigated included developing cultural practices, treating 
seed tubers to advance the crop and growing early and/or resistant varieties. 
Growing potato in association with another crop in strip cropping, intercropping or 
mixed cropping might have some effect in slowing down the epidemic of late blight 
(cf. Philips et al. 2005; Finckh et al. 2006; Pilet et al. 2006; Bouws  and Finckh 2008), 
but this needs more testing and seems complicated. Cultural practices changing crop 
structure and thus microclimate (especially in the lower leaf layers) are not effective 
and reliable enough to slow down the epidemic in its early phases (Bouws and 
Finckh 2008). The most effective measure seems to be advancing tuber set and 
tuber bulking (Hospers-Brandts et al. 2005; Finckh et al. 2006; Hospers-Brandts et al. 
2008; Tiemens-Hulscher et al. 2007) and this is where crop physiology comes in.  
 
Possible crop physiological strategies to cope with biotic stress 
A crop can develop several crop physiological strategies to cope with biotic 
stresses. These include: 
1. escape, by completing the entire crop cycle before the stress becomes too 
harmful; 
2. resistance, i.e. reducing the impact of the stress by avoiding or impeding the 
infection; 
3. tolerance, by reducing the negative effects of a pathogen but allowing it to 
infest the plant (to some extent);  
4. recovery, by creating a properly functioning crop as soon as possible after the 
pathogen has been suppressed or controlled.  
  
When a late blight epidemic hits a potato crop there are three direct negative impacts: 
1. The oomycete affects the foliage thus reducing the leaf area and thereby the 
crop’s capacity to produce assimilates necessary for growth and maintenance 
of the haulm and for tuber bulking. This effect is more or less proportional to 
the level of loss of leaf area. If this would be the only negative effect, a certain 
level of late blight would be acceptable, also for organic potato crops. 
2. The tubers might be directly infested. This effect is unacceptable, because this 
infestation reduces saleable tuber yield, but also since infected tubers can be 
an important source of inoculum for healthy tubers during storage. However, in 
many cultivars the tuber resistance to late blight is stronger than the foliage 
resistance thus providing a bit extra time after foliage infestation. 
3. An infested crop becomes a source of inoculum. This is unacceptable 
especially in areas with a high proportion of the area cropped with potato and 
the more so if a high proportion of those crops are not protected because they 
are organic.   
For these reasons coping strategies for late blight stress can only include escape and 
resistance. 
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Coping strategies specified 
In order to specify the possible role of crop physiology in the combat against late 
blight we need to define the strategies escape and resistance in more detail. 
  
Escape is possible in the following ways: 
1. By advancing the entire crop cycle so that the crop is more mature when late 
blight strikes;  
2. By accelerating the early canopy growth without advancing tuber bulking; 
3. By advancing tuber bulking, without advancing canopy development, so that 
the tuber yield is higher when late blight strikes; 
4. By accelerating tuber bulking, without advancing it. 
 
The crop physiology-based resistance strategy is possible by:  
1. Strengthening the race non-specific foliage resistance, which is related to 
the behaviour of the crop, especially its foliage maturity type. This can 
result in a delay of initial infestation and a slower initial development of the 
epidemic until it has reached the level that control or haulm killing becomes  
inevitable; 
2. Influencing the micro-environment around the most sensitive plant parts 
(i.e. the basal leaves), which will also inhibit first infestation or slow down 
the development of the epidemic.  
 
These aspects will be discussed below. 
 
Escape by advancing the entire crop cycle 
If conditions at planting time permit, early planting will in general be favourable to give 
the crop the earliest possible start. Advancing the crop can also be reached to some 
extent by planting larger seed tubers, but this effect depends on the combined effect 
of seed tuber size on the number of sprouts per tuber, the number of stems per 
sprout and the vigour of the individual stems from planting until they become 
autotrophic. The number of stems per unit of seed weight will be crucial for the timing 
of tuber set, the rate of tuber bulking, the final number of harvestable tubers and their 
weight distribution. 
Advancing the entire crop cycle obviously will change the conditions the crop 
experiences during the critical stages such as the period from planting until 
emergence, the period from emergence until stolon formation, the period from 
stolonization until tuberization, the period from emergence until full canopy cover and 
the period of tuber bulking. The combined effects will ultimately determine to what 
extent advancing the entire crop cycle is successful and to what extent this advance 
indeed contributes to the escape from late blight. Combining early planting with 
cultural practices which will make the environment more conducive for crop growth 
will make the result of earlier planting more reliable. In very specific situations using 
transparent plastic sheets to cover the soil or the entire crop may be helpful. Ridging 
helps to advance early growth and this positive effect can be enhanced by orienting 
the ridges properly or by planting the tubers in the south slope instead of the middle 
of the ridge (Bouws and Finckh 2008). 
Finally advancing the entire crop cycle may also be achieved by pre-treatment 
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of the seed tubers, e.g. by pre-sprouting. Early tuber yields can be achieved when 
seed tubers are planted which are properly pre-sprouted (Struik and Wiersema 1999; 
Struik 2007). Pre-sprouting can be defined as the initiation of sprout growth by 
exposing seed tubers to conditions favourable for sprouting before planting. This is 
probably the best way to  advance the crop cycle as such treatments can be carried 
out in a rather controlled way with – if carried out by an experienced and 
knowledgeable farmer – predicted outcome and the desired impact. 
Not all farmers like pre-sprouting and planting pre-sprouted tubers. It requires 
planning, extra labour, very careful planting whereas it might enhance certain 
diseases.   
 
Escape by accelerating canopy growth 
Accelerating the build-up of the canopy growth, without necessarily changing the 
entire crop development is possible with agronomic practices such as extra nitrogen 
application (which might even delay tuber bulking a little). In this way, the overall 
resistance of the crop can be enhanced (see below), without losing yield potential. 
However, such treatments are less obvious than advancing tuber bulking. In years 
during which the late blight epidemic does not occur, or does occur but only very late 
in the season, this approach will result in higher yields than advancing the entire crop 
cycle. Effects of accelerating canopy growth on crop structure and therefore micro-
environment within the crop need to be taken into account as well.  
 
Escape by advancing tuber bulking 
Accelerating the crop development towards tuber bulking can be achieved by 
manipulating the physiological age of the seed tubers. The period between 
emergence and onset of tuber bulking is strongly affected by this seed characteristic 
(e.g., Van der Zaag and Van Loon 1987; Struik and Wiersema 1999; Struik et al. 
2006). Early tuber yields can be achieved by planting seed tubers of an advanced 
physiological age, realized by storing them at relatively high temperatures or treating 
them with cold or heat shocks (e.g., Struik and Wiersema 1999). The strategy to use 
seed treatments as a tool to reduce late-blight damage has been explored under 
organic farming conditions, together with other management options (Tiemens-
Hulscher et al. 2003; Hospers-Brandt et al., 2005, 2008). However, physiological age 
does not only affect onset of tuber bulking; it also influences emergence, early vigour, 
canopy structure, rate of tuber bulking, leaf senescence, etc. The overall impact 
needs to be evaluated and the outcome depends on the possible duration of the crop 
cycle. 
Pre-sprouting and physiological age can be combined into an optimal seed 
pre-treatment. After appearance, sprouts can even be removed (de-sprouting) which 
will hasten the ageing of the seed tubers and induce formation of new sprouts. 
The positive effect of the escape by advancing tuber bulking might be partly 
offset by the simultaneously occurring increase in susceptibility to late blight as a 
consequence of the earlier maturity type created by the more advanced physiological 
age of the seed tuber. Although this effect has not been thoroughly proven yet, it is 
likely to occur to some extent. Crops with advanced tuber bulking caused by 
shortened photoperiods are also more susceptible to late blight (Colon, 1994; Colon 
et al., 1995). 
   The option of physiological age of the seed is promising. However, there is a 
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strong interaction between cultivar and pre-treatment and therefore each cultivar 
requires its own recipe and optimization.  
 
Escape by accelerating tuber bulking without advancing it 
Chemical treatments of the foliage can accelerate tuber bulking once it has started. 
Such treatments can be used to make the crop earlier. However, the effects are often 
not well predictable and for most chemicals both negative and positive effects have 
been reported depending on the unpredictable environmental conditions.  
 
Strengthening foliage resistance  
Race-non-specific resistance against late blight is strongly linked to the foliage 
maturity type (Visker et al. 2003a, b, 2004, 2005). Foliage maturity type is a complex 
syndrome of various features of the potato haulm, which includes at least termination 
of sympodial growth, sagging of plants, senescence of leaves, etc. Also in other crops 
there are close associations between maturity type and resistance against diseases 
(e.g., Septoria resistance in wheat; Simon et al., 2004, 2005), but the mechanisms 
differ from physical to physiological and purely genetic. In potato the mechanisms of 
the associations between foliar maturity type and foliage resistance are partly genetic 
(with genes encoding for both characteristics closely linked on chromosome 5, Visker 
et al. 2003a, 2004, 2005) and partly physiological (Struik et al. 2005). It should be 
noted that the genetic variation in late blight resistance already expresses itself well 
before the variation in features contributing to the complex of foliage maturity is 
expressed.  
Foliage maturity type has an effect on late blight resistance because it is 
associated with age-related factors of the entire plant and of the individual leaf (see 
section “age matters”) and with leaf position effects, but also with aspects that might 
be associated with changes in leaf physiology as a result of the changes in 
physiology at whole plant level upon tuber initiation. The latter is suggested by the 
fact that foliage resistance in both early and late cultivars are sensitive to 
photoperiod: a long photoperiod results in a higher level of resistance (Colon, 1994; 
Colon et al. 1995). In the potato plant, photoperiod also affects tuberization, flowering 
and dry matter partitioning to the tubers (e.g., Vreugdenhil and Struik 1989; Ewing 
and Struik 1992; Struik et al. 1999, 2005). A detailed analysis of the impact of foliage 
development on resistance level is therefore needed.  
 
Age matters…..  
The level of resistance to late blight is not constant during the development of the 
entire plant or of individual leaves. It is therefore relevant to take plant age and 
individual leaf age into account.  
Plant age is a significant factor: in general older potato plants are slightly more 
resistant to late blight than younger plants. However, with a closer look at literature 
data, it seems that very young plants are susceptible, plants of intermediate age are 
most resistant, and old plants become more susceptible again. 
Also the age of the individual leaves is relevant. In general, literature suggests 
that older leaves are more susceptible, but this trend is very much intertwined with 
plant age effects and leaf position effects.  
 
….but leaf position is more important…… 
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Visker et al. (2003b) showed that the resistance of individual leaves remained the 
same throughout their life time. However, they also showed that there was a gradual 
increase in late blight resistance from basal leaves to apical leaves, suggesting that 
the position effect is more important than the leaf age effect. This was a very 
reproducible trend: it was consistently observed across experiments, cultivars, crops 
grown from different types of propagules, crops grown under contrasting conditions, 
across various detached leaf tests, etc. 
The consistent effect of leaf position on radial lesion growth rate agrees with 
previous studies that describe a higher level of resistance for the more apical leaves 
(Hodgson 1961; Mooi 1965; Carnegie and Colhoun 1980; 1982).  
 The mechanisms behind the increase of resistance with increasingly acropetal 
leaf positions are unknown. Unraveling these mechanisms could perhaps help in 
identifying new strategies for breeding for resistance against late blight, especially in 
early varieties.  
  
….although not for all relevant epidemiological parameters 
The radial lesion growth rate measured on inoculated detached leaves taken from 
crops or plants is considered to be the best variable representing resistance to late 
blight in the field (Colon 1994; Colon et al. 1995). Van Oijen (1992) and Spijkerboer 
(2004) at least proved that the variation among cultivars in lesion growth rate 
contributed most to differences in resistance among these cultivars. However, other 
parameters reflecting aspects of the fitness of Phytophthora infestans, are also 
relevant. These include infection probability, proportion of lesions that are 
sporulating, the latency period and the intensity of sporulation (Skelsey et al. 2005).  
The latter authors provided a formula for calculating the apparent rate of disease 
progress based on the entire set of fitness components. It is likely that not only the 
radial lesion growth rate but also the other parameters are affected by leaf position, 
although their response might differ. Unpublished research of the author and co-
workers has shown that other infection parameters were indeed affected but in a 
much less consistent way and trends were not always clear cut. More research is 
needed in this respect.  
 
Physiology of the leaf position effect 
Each leaf is more resistant than the preceding leaf on the same stem. This 
association between leaf position and susceptibility is the same for each cultivar 
investigated: each leaf on an earlier maturity type is more susceptible to late blight 
than the leaf at the corresponding position on a late maturing type. This also means 
that the association between late blight resistance and foliage maturity type is present 
throughout the entire plant and for each individual leaf.  
The reasons behind these consistent leaf position effects have not been 
revealed yet. Possible candidate mechanisms are related to the ontogenic 
development of the leaf as a function of the leaf position (including aspects such as 
anatomy, chemical structure, physical aspects of cell walls). It is also important to 
note that this leaf position effect occurred both in the absence and in the presence of 
tubers. 
One might be tempted to think that this leaf position effect is related to some 
kind of acquired resistance. Acquired resistance usually occurs because an older 
plant has experienced more stress and the more stress it has endured the more 
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resistance it has acquired. But this does not make sense: acquired resistance is a 
characteristic at the level of the entire plant, not at the level of an individual organ. 
Another possible explanation might be associated with differences in hormonal 
profiles of the different leaf positions. Some results suggest that such profiles do exist 
and that they are related to level of tuber induction (see e.g., Struik et al. 1987), but 
more research is needed. 
 
Slowing down the initial build-up of the epidemic 
Leaf position is a dominant aspect of resistance against late blight. Late types are 
more resistant partly because they have more resistant leaves as they continue 
longer to produce new leaves. Does this offer opportunities to change the crop in 
such a way that it becomes more resistant or at least that it can slow down the first 
phase of the epidemic? The leaf position suggests that advancing or accelerating 
canopy development might not be such a bad idea after all: with a more advanced 
development of leaves before the disease strikes, the crop will have more leaves at 
higher leaf positions, i.e. it will have more relatively resistant leaves. Similar effects 
could perhaps be realized by seed tuber treatments.  
 
Changing the micro-environment 
A better proposition is most likely to create a canopy (using the options of seed tuber 
size, planting pattern, seed treatments, etc.) that will allow a micro-environment which 
is not conducive to the infection process by the pathogen. The pathogen requires a 
certain period of leaf wetness and is very sensitive to direct sunlight. Basal leaves are 
therefore attacked earlier or more severely by late blight. Creating a more open 
canopy is an option, but will be associated with poorer radiation interception and 
lower radiation use efficiency, and thus a lower yield.  
 
Conclusion 
The physiological condition of the potato crop certainly plays a significant role in the 
development of the late blight epidemic, beyond factors determined by foliage 
maturity type and the genetic make-up of the crop. However, the size of the effect of 
the physiological condition is small compared with the devastating effect of the 
increase in aggressiveness of the oomycete. Moreover, manipulating that 
physiological condition in a predictable and effective way in order to reduce the 
susceptibility of the crop is difficult. This means that crop physiology can, as was the 
case for agronomy, only contribute little to combating the problem, certainly for early 
cultivars. Breeding for resistance remains our best option.  
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